To test whether the enhanced depth imaging (EDI) modality improves anterior and posterior lamina cribrosa surface (ALCS and PLCS) visibility compared with conventional spectral-domain optical coherence tomography (SD-OCT). METHODS. Conventional and EDI SD-OCT scans were obtained 30 minutes after IOP was manometrically lowered to 10 mm Hg in both eyes of 14 nonhuman primates (NHPs) with unilateral experimental glaucoma (EG). Thirteen horizontal and seven vertical radial B-scans of each SD-OCT data set were delineated by one operator masked to image type. Delineated ALCS and PLCS points were projected to 1 of 100 equal-sized subregions of the neural canal opening (NCO) reference plane, and the number of delineated subregions (Ն2 points) was counted.
P revious studies of human and experimental glaucoma (EG) suggest that optic nerve head (ONH) structural change within the peripapillary sclera, lamina cribrosa, and prelaminar neural tissues is associated with early axonal injury. [1] [2] [3] [4] [5] [6] [7] Lamina cribrosa alterations in human glaucomatous eyes have been reported to include posterior deformation, 2, 8 compression and thinning, 4, 8, 9 and molecular changes in astrocytes and other glial cells. 10, 11 Our studies in early NHP EG, in which we used histomorphometric methods, demonstrate posterior deformation and thickening of the lamina cribrosa and prelaminar neural tissues, [12] [13] [14] laminar beam and pore size alterations (Grimm J, et al. IOVS 2007;48:ARVO E-Abstract 3295) and posterior migration of both the anterior and posterior laminar insertions from the sclera toward and sometimes into the pial sheath. 15 Taken together, these studies emphasize the importance of clinical visualization of the deep optic nerve head neural and connective tissues, particularly if that visualization can be achieved without diminishing the quality of prelaminar and peripapillary retinal nerve fiber layer (RNFL) quantification.
Spectral-domain optical coherence tomography (SD-OCT) has been shown to enable reproducible quantification of the macular ganglion cell complex, 16, 17 the peripapillary RNFL and retina. 18 It is increasingly being applied to ONH imaging. 19 -24 Several reports have also demonstrated the ability of SD-OCT to visualize the human lamina cribrosa. 25, 26 Inoue et al. 26 used SD-OCT imaging system to demonstrate lamina cribrosa thickness reduction in ocular hypertensive and glaucoma patients in a cross-sectional study. Agoumi et al. 27 used a clinical SD-OCT imaging device to study the effect of acute IOP changes in 36 human subjects.
We have previously demonstrated SD-OCT visualization and quantification of the ONH tissues and peripapillary RNFL in rhesus NHPs. These studies have included a description of the important components of SD-OCT-detected optic disc margin anatomy 28 ; confirmation of SD-OCT ONH anatomy in serial B-scans co-localized to serial histologic sections 29 ; demonstration of detectable but clinically insignificant thinning of the peripapillary RNFL thickness (RNFLT) after acute IOP elevation 30 ; detection of prelaminar neural tissue and Bruch's membrane deformation with only infrequent lamina cribrosa deformation after acute IOP elevation 31 ; and a description of a novel set of ONH and peripapillary RNFL parameters and their use in longitudinal ONH change detection using SD-OCT in NHP experimental glaucoma. 20 However, all of our studies to date have used an SD-OCT device with a conventional 870-nm center wavelength source without enhanced depth imaging (EDI), and only the anterior lamina cribrosa surface (ALCS) could be reliably visualized in most normal and EG NHP eyes.
In conventional SD-OCT imaging, the solution to the Fourier transform of the detected spectrum for each A-scan is symmetric about the point of 0 delay (relative to the flight time of the reference beam) because positive and negative delays are typ-ically not disambiguated. In clinical devices, the resultant Bscan is typically trimmed so that only the upright half of each B-scan is portrayed (corresponding to positive delays). There is a well-known roll-off of sensitivity with increasing frequency corresponding to increasing delays or depth of reflections within the sample. Known as depth degeneracy, this phenomenon limits detection of structural detail at increasing depths within the sample tissue. By intentionally manipulating the depth of the sample relative to the reference arm-that is, by pushing the sample closer to the 0 delay point and beyond-it is possible to take advantage of the above-mentioned ambiguity. The B-scan images appear to invert (flip around the 0 delay line), such that the deeper portions of the sample lie closer to the 0 delay line and depth degeneracy causes loss of sensitivity for the more anterior portions of the sample. Importantly, the increased sensitivity at the lower frequencies now corresponds to the deeper portions of the sample, which may allow greater detail to be detected for deeper tissue structures.
Spaide et al. 32 were the first to publish these observations in the context of imaging structures deeper than the retina, such as the choroid and sclera. Additional reports have described enhanced visualization of these structures within the macular region. [32] [33] [34] [35] More recently, it has been used to enhance visualization of the lamina cribrosa within the ONH. 36 (Qi J, et al. IOVS 2011;52:ARVO E-Abstract 166). The Spectralis SD-OCT (Heidelberg Engineering GmbH, Heidelberg, Germany) now includes as part of its software suite the Enhanced Depth Imaging (EDI) mode, which, once engaged, changes the position of the reference arm so that the enhanced depth image is acquired at the same position as the conventional image and no longer appears inverted during acquisition.
The purpose of the present study was to quantitatively test the hypothesis that anterior (ALCS) and posterior lamina cribrosa surface (PLCS) visualization is enhanced by EDI compared with conventional SD-OCT data sets. Our secondary purpose was to determine whether the sensitivity roll-off (depth-degeneracy), operating in the inverse direction in the EDI mode, would be detrimental to quantifying the more anterior structures.
METHODS

Animals
The Legacy Health Institutional Animal Care and Use Committee approved all aspects of this study. All animals were treated in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. As part of other ongoing longitudinal studies, both eyes of 14 rhesus macaque nonhuman primate (NHPs) (Macaca mulatta) with chronic, unilateral EG 14 were imaged on a single occasion, which occurred at various intervals after commencement of trabecular meshwork laser treatments 37 in the EG eyes. The 14 EG eyes were therefore imaged at various stages of EG damage (Table 1 , rightmost column).
Imaging Protocol
All ophthalmic imaging sessions began with induction of general anesthesia with ketamine (15 mg/kg, by intramuscular injection) and midazolam (0.2 mg/kg, by intramuscular injection) accompanied by a single subcutaneous injection of atropine sulfate (0.05 mg/kg). Animals were then intubated and maintained on 100% oxygen and isoflurane gas (1%-2%), typically 1.25%, and intravenous fluids (lactated Ringer's solution, 10 mL/kg/h and/or 6% hetastarch) were then administered via the saphenous vein. One drop of topical corneal anesthetic was placed in each eye (0.5% proparacaine), a lid speculum was inserted, and intraocular pressure (IOP) was measured by applanation tonometry (Tonopen XL; Reichert, Depew, NY) and reported as the average of three or more measurements. Pupillary dilation was induced with one * Negative values suggest that postlaser-detected IOPs in the glaucomatous eye were not yet elevated and in fact were lower than in the normal eye, which is not uncommon in the early postlaser period. † The average of SD-OCT conventional circle scan RNFLT in the baseline sessions before the laser treatment. ‡ The mean SD-OCT on EDI image day. SD-OCT conventional circle RNFLT on the day when both the conventional and EDI radial data sets were obtained.
drop each of tropicamide (0.5%) and phenylephrine (2.5%). A clear, plano-powered, rigid gas-permeable contact lens was placed on each eye with topical lubricant (0.5% carboxymethylcellulose sodium, Refresh; Allergan, Irvine, CA). Intraocular pressure in both eyes was adjusted to 10 mm Hg using a manometer connected to a 27-gauge cannula, which was inserted through the temporal cornea into the anterior chamber. Imaging commenced 30 minutes after IOP stabilization at 10 mm Hg. All SD-OCT imaging was performed with a commercially available SD-OCT (Spectralis; Heidelberg Engineering, GmbH), which uses a superluminescence diode to emit a low-coherence scanning beam with a center wavelength of 870 nm. For this study, a conventional ONH 80 -radial-B-scan pattern was acquired over a 30°area (768 A-scans per B-scan) followed by a conventional peripapillary RNFLT circle scan. An EDI 80 -radial-scan data set was then acquired using the existing system software. All image acquisition was centered on the ONH. The device's eye tracking facility was turned on during image acquisition to enable repeated B-scan acquisition (n ϭ 9) and sweep averaging in real time to reduce speckle noise. For each eye, the conventional and EDI 80 B-scan data sets were acquired relative to a single reference image ensuring that the location of each B-scan remained stable in the conventional and EDI scans.
Delineation of SD-OCT Volumes
Our technique for SD-OCT delineation of ONH has been described in detail elsewhere. 20, 30 Briefly, raw SD-OCT data from each conventional FIGURE 1. Conventional and EDI horizontal SD-OCT B-scans from the same location of six representative eyes. and EDI data set ( Fig. 1) were exported into our custom-built Multiview 3D visualization and delineation software (based on the Visualization Toolkit; VTK, Clifton Park, NY). ONH and peripapillary landmarks ( Fig. 3) were then hand delineated in a subset of 13 horizontal and 7 vertical radial B-scans of each conventional and EDI data set ( Fig. 2) . A single operator who was masked to the type of image acquisition (conventional versus EDI) and treatment status (control or EG) of the imaged ONH performed all delineations. ONH landmarks included ( Fig. 3) : the internal limiting membrane (ILM); posterior surface of the RNFL; posterior surface of the Bruch's membrane/retinal pigment epithelium (BM/RPE) complex; the neural canal opening (NCO), defined as the innermost end of the SD-OCT-detected BM/RPE on either side of neural canal 20 ; border tissue of Elschnig (extending from the sclera to the BM/RPE complex on either side of the neural canal at the innermost termination of the choroidal signal) 20 ; and the anterior scleral surface, the ALCS, and the PLCS.
Our strategy for delineating the ALCS and PLCS (Fig. 3 ) was based on our previous direct comparisons between SD-OCT B-scans and matched histologic sections obtained from a normal NHP eye, 29 as well as our previous publications on SD-OCT detection of longitudinal change (Yang H, et al. IOVS 2011;52:ARVO E-Abstract 5921). 20 Within each B-scan, we identified the ALCS as being the point where a horizontally oriented, high-intensity signal below the disc surface begins to intersect the high intensity vertical striations that we have previously identified to be the prelaminar glial columns (Fig. 3) . 29 We identified the PLCS as being present where the horizontally oriented, high-density signal identified as the lamina ended. It is important to note that the signals from the ALCS and PLCS were often discontinuous in regions where there was pronounced shadowing from overlying retinal vessels. For this reason, ALCS and PLCS were delineated using discrete marks rather than using continuous Bézier curves, which is the delineation tool we use for all other surfaces. 20 The observer could employ any number of marks, at their discretion, to delineate the ALCS and/or the PLCS.
Quantification of the Extent of ALCS and PLCS Visibility in Each SD-OCT Data Set
To quantify the extent of laminar visualization in each SD-OCT data set, we projected delineated ALCS and PLCS points onto the NCO reference plane (Fig. 4) . The NCO reference plane is determined by the best-fit ellipse to the 80 delineated NCO points in all 40 sections (see below). 38, 39 The NCO reference plane, with the projected laminar marks was then divided into 100 equal-sized subregions, as previously described. 20 Delineated subregions ( Fig. 4 shaded areas) were those that contained two or more delineated points. To assess the regional effects on laminar surface visibility, the projected NCO ellipse was divided into superior (S), inferior (I), nasal (N), and temporal (T) quadrants.
Quantification of ONH and RNFL Parameters in Each SD-OCT Data Set
To compare the value of all ONH and RNFLT parameters in the conventional and EDI data sets of each eye (Fig. 5) , we rescaled all x, y dimensions in the SD-OCT output volume files (which are based on average human eye optics and dimensions) for the average NHP eye, using a scaling factor of 0.857 as described in our previous reports. 20, 30 Our strategy for 3D quantification of ONH data sets is based on 40 delineated radial sections 12, 38 and has been modified for SD-OCT ONH data sets, as previously described. 20, 30 Because only a subset of 20 radial sections were delineated for this study, the following parameters were quantified in each of 20 delineated B-scans ( Fig. 5 ) and their value reported as the mean Ϯ SD: rim width, rim area, RNFLT 1200, and RNFL area.
For each data set, the NCO was delineated in the complete set of 40 radial sections (rather than the subset of 20 in which all landmarks were delineated, described above). A best-fit ellipse was determined and used as a reference plane. The following parameters were then calculated as single values for each SD-OCT data set based on the NCO best-fit ellipse: NCO ellipse area, NCO ellipse major, and NCO ellipse minor.
Finally, ALCS and PLCS depth (Fig. 5 ) relative to the NCO reference plane were quantified as the mean depth of the ALCS or PLCS points (relative to the NCO reference plane) for just those points that fell within delineated subregions, as outlined above.
Reproducibility
Delineations were performed two additional times (by the same delineator, 2 weeks apart) on both the conventional and EDI scans of both FIGURE 2. SD-OCT data set acquisition and delineation. Of the 80 radial B-scans acquired in each 30°conventional or EDI SD-OCT ONH data set (left) a subset of 7 vertical and 13 horizontal B-scans were delineated for this study (right).
eyes of three randomly selected NHPs, to compare the intradelineator reproducibility of laminar visualization and ONH parameters in the conventional and EDI SD-OCT data sets.
Statistical Analyses
The effects of image type (conventional versus EDI), treatment (control versus EG), and quadrants (S, I, N, and T) on the number of delineated ALCS and PLCS subregions were analyzed by ANOVA. Poisson regression was used to fit the delineated ALCS and PLCS data, and significance was tested with the 2 test. Two-tailed, paired t-tests were used to compare the ONH parameters generated from conventional and EDI data sets. For all tests, P Ͻ 0.005 was considered to be significant to account for the number of comparisons in each analysis and maintain an overall type 1 error rate of approximately 0.05. To test intradelineator variability, the effects of image type (conventional versus EDI) and delineation day were assessed overall and for each parameter in a separate ANOVA (P Ͻ 0.005). Statistical analyses were performed with one of two software packages (R statistical software; R Foundation for Statistical Computing, Vienna, Austria, or Excel; Microsoft Corporation, Redmond, WA).
RESULTS
Conventional and EDI ONH data sets were obtained in both eyes of 14 animals with unilateral EG on a single postlaser imaging day that occurred at a postlaser interval specific to each EG eye (Table 1) . Imaging day SD-OCT-detected RNFL change (relative to baseline) within the conventional RNFL circle scans of the 12 EG eyes for which both baseline and imaging day values were available ranged from ϩ9% (thickening) to Ϫ28% (thinning), with a median value of ϩ1% (Table 1) . Of these 12 EG eyes, 11 had less than 10% RNFL loss, and 1 had 28% RNFL loss relative to their own baseline values. Imaging day SD-OCT RNFLT in the two remaining EG eyes that lacked baseline values was 33% and 68% thinner than that in the contralateral normal eyes. Thus, although most of the EG eyes were imaged with EDI at an early stage in the neuropathy, three eyes (NHPs 12, 13, and 14) demonstrated moderate to severe levels of RNFL thinning.
Delineated ALCS and PLCS Points without Regard to Subregion. Delineated ALCS and PLCS points in the conventional and EDI data sets of all 28 eyes are depicted in Figures 6 and 7 . Qualitative inspection of these data suggests that adoption of EDI results in only a minimal improvement in ALCS detection but that there can be a marked improvement in PLCS detection.
Delineated Lamina Cribrosa Subregions by Image Type. When eyes were considered without regard to treatment status, the number of delineated laminar subregions was larger in the EDI scans than in the conventional scans for both the ALCS (EDI, 37 Ϯ 7 vs. conventional, 29 Ϯ 11; 28% difference; P Ͻ 0.0001) and PLCS (EDI, 26 Ϯ 11 vs. conventional, 8 Ϯ 10; 225% difference; P Ͻ 0.0001). These data suggest that EDI imaging significantly enhanced laminar visualization in both control and EG eyes.
Delineated Lamina Cribrosa Subregions in Control and EG Eyes. The effects of treatment, image type, and their interactions are listed in Table 2 . For both the ALCS and PLCS, the number of delineated subregions was significantly larger in the EDI data sets for both the control (ALCS, 22%; P ϭ 0.0016; PLCS, 133%; P Ͻ 0.0001) and glaucomatous (ALCS, 33%; P Ͻ 0.0001; PLCS, 360%; P Ͻ 0.0001) eyes. Although the relative improvement achieved by EDI in control versus EG eyes did not achieve statistical significance for ALCS delineation (P ϭ 0.30, ANOVA), EDI improvement in PLCS delineation was significantly greater in the EG than in the control eyes (P Ͻ 0.0001). These data indicate that EDI enhancement of PLCS visualization is greater in EG than in control eyes.
In the conventional SD-OCT ONH data sets, the number of delineated subregions was significantly less in the EG (5 Ϯ 6) than in the control eyes (12 Ϯ 12) for the PLCS (P Ͻ 0.0001) but not the ALCS (P ϭ 0.054). However, although there were fewer delineated subregions in the EDI data sets of the EG than in those of the control eyes, these differences did not achieve significance. These data suggest that PLCS delineation by conventional SD-OCT was diminished in the EG compared with the control eyes.
Delineated Lamina Cribrosa Subregions by Quadrant. Because we delineated twice as many scans oriented close to the horizontal plane as close to the vertical sections, the number of nasal and temporal ALCS and PLCS delineated subregions was greatest for both imaging types (Table 3) . However, the number of delineated ALCS subregions significantly increased in the EDI compared with the conventional data sets for the superior (conventional, 4 Ϯ 3 vs. EDI, 7 Ϯ 3) and inferior (conventional, 4 Ϯ 3 vs. EDI, 6 Ϯ 3) quadrants, whereas the number of delineated PLCS subregions significantly increased in the EDI compared with the conventional data sets for all four quadrants (superior, conventional 1 Ϯ 2 vs. EDI 4 Ϯ 3; inferior, conventional 1 Ϯ 1 vs. EDI 3 Ϯ 3; nasal, conventional 3 Ϯ 5 vs. EDI 9 Ϯ 4; and temporal, conventional 4 Ϯ 4 vs. EDI 10 Ϯ 3). These data suggest that EDI enhancement of ALCS visualization may be limited to the superior and inferior quadrants, whereas PLCS enhancement occurs in all four quadrants.
When the above data were separately assessed in control and EG eyes (Table 4) , the improvement in ALCS delineation using EDI was significant for both control and EG eyes in the superior quadrant only. However, the number of delineated PLCS subregions significantly increased in the EDI compared with the conventional data sets in all four quadrants of both the control and EG eyes. This improvement in PLCS visualization was significantly greater in the EG than in the control eyes for the nasal (P ϭ 0.001) and temporal (P ϭ 0.004) quadrants only. Taken together, these data suggest that EDI enhancement of laminar visualization is greatest for PLCS within the nasal and temporal quadrants of EG eyes.
Conventional versus EDI Values for All Other ONH and RNFL Parameters.
To test the hypothesis that EDI imaging would not affect landmark delineation for other representative ONH and RNFL parameters, we compared the mean value of each parameter in the conventional (n ϭ 28) versus EDI (n ϭ 28) data sets (Table 5 ). Only the parameters ALCS depth (mean difference, 8%; range, 1%-21%) and PLCS depth (mean difference, 9%; range, 1%-20%) demonstrated significant differences between the conventional and EDI data sets (P Ͻ 0.005, t-test). For both parameters, the mean value was larger (i.e., deeper, or more posterior) in the EDI data sets.
However, when we reanalyzed these two parameters using only those laminar regions for each eye that were delineated in both the conventional and EDI data sets (shared laminar regions), there was no significant difference between the EDI and conventional data for ALCS depth (conventional, 221 m vs. EDI, 230 m; P ϭ 0.041); Contrary to the ALCS, the shared PLCS depth value remained significantly greater in the EDI than in the conventional data sets, (conventional, 320 m vs. EDI, 346 m; P ϭ 0.0002). In this regard, of the 15 individual eyes, which had shared PLCS areas, in 14 of 15, the EDI PLCS depth was greater than the standard value, and 7 had a difference greater than 10% between the shared EDI and the shared standard PLCS depth.
Intradelineator Reproducibility for All Parameters in the Conventional and EDI Data Sets from Both Eyes of three Animals. Neither delineation day nor the interaction between delineation day and image type was significant by ANOVA. These data suggest that interday differences in delineation were not a significant source of variability, nor were they better or worse in conventional versus EDI data sets ( Table 6 ).
The mean maximum interday difference for delineated ALCS subregions in conventional data sets was 5 (range, 2-9) and in EDI data sets was 6 (range, 3-12). The mean difference for delineated ALCS subregions in conventional data sets was 17% (range, 7%-31%) and in EDI data sets was 16% (range, 8%-32%). The average maximum intersession difference for delineated PLCS subregions in conventional data sets was 4 (range, 0 -7) and in EDI data sets was 6 (range, 3-7). The mean difference for delineated PLCS subregions in conventional data sets was 50% (range, 0%-88%) and in the EDI data sets was 23% (range, 12%-27%). Taken together, these data suggest that the reproducibility of the PLCS in EDI data sets was enhanced compared with that in conventional data sets, although the small number of delineated PLCS points in the conventional images may limit the importance of this finding. The mean difference for all parameters in both the conventional and EDI data sets was less than 13%. 20 Subregions where two or more delineated points are present are maintained for analysis as delineated regions (light gray). Points within regions where less than two points were delineated (green glyphs) were not included in further analyses. Each subregion is assigned to the superior, inferior, nasal, or temporal quadrants (blue lines). The same method was applied to the posterior lamina cribrosa subregions.
DISCUSSION
In this study, we quantified the regional extent of SD-OCT laminar cribrosa surface delineation in a subset of vertical and horizontal radial B-scans from both ONHs of 14 NHPs with unilateral EG. Specifically, we tested the hypothesis that the EDI mode of SD-OCT imaging would improve the visibility of the anterior and posterior lamina cribrosa surfaces compared with conventional SD-OCT imaging. The principal findings are as follows. First, when evaluated without regard to treatment status, the number of delineated LC subregions was significantly larger for the EDI compared with the conventional data sets, for both the ALCS and PLCS. Second, when considering treatment status, we found that PLCS visualization in the conventional SD-OCT data sets was diminished in the EG compared to the control eyes, that EDI enhanced both control and EG eye laminar visualization (for both the ALCS and PLCS), and that this enhancement was greater in the EG eyes. These results suggest that EDI does enhance the visibility of the lamina cribrosa, particularly of the posterior surface and especially in glaucomatous eyes. Third, apart from the extent of ALCS and PLCS delineation there were no significant differences in the value of other ONH parameters in EDI versus conventional data sets, except for PLCS depth, which was significantly deeper in the EDI data sets. This result suggests that, in addition to the improvement offered by EDI for LC visualization, there is no detriment to quantifying more anterior structures/layers.
Lee et al. 36 recently reported enhanced signal depth in EDI versus conventional vertical ONH B-scans of 35 eyes of 35 patients (10 normal, 7 glaucoma suspect, and 18 glaucoma eyes). Using EDI SD-OCT, they qualitatively judged that the posterior lamina cribrosa was visible in all 35 EDI B-scans, but it was difficult to discriminate the difference between decreas-FIGURE 6. ALCS delineation within the central 7 vertical and 13 horizontal B-scans from conventional and EDI SD-OCT ONH data sets of the normal and EG eyes of each animal. ALCS points (purple glyphs) are projected onto the plane of the NCO (red glyphs) and displayed in right-eye configuration. ing contrast due to the changes within tissue (i.e., at the posterior end of the lamina cribrosa) versus declining signal strength in either SD-OCT imaging mode. Although we did not compare the depth of EDI versus standard signal penetration in our study, it expands the assessment of anterior and posterior laminar visualization to all four quadrants (7 vertical and 13 horizontal B-scans) and utilizes a previously reported strategy for laminar visualization quantification 20 that can become the framework for similar studies regardless of the instruments, imaging wavelengths, or visualization strategies being compared. Using this strategy, our findings support those of Lee et al. 36 in that PLCS visualization was greater in the EDI than in the conventional B-scans from all four quadrants of the studied eyes.
Although there are no quantitative data that compare SD-OCT visualization of the lamina in normal and glaucomatous human eyes, it has been our impression that SD-OCT lamina cribrosa visualization is enhanced in glaucomatous human eyes. However, in the NHP eyes in this report, there were no differences between EG and control eyes in the regional extent of ALCS visualization, with the conventional or the EDI scan modes. PLCS visualization was in fact significantly less in the EG eyes than in their fellow control eyes in both EDI and conventional data sets. Thus, it is a potentially important benefit that the enhancement provided by EDI over conventional SD-OCT mode was significant for the PLCS and greatest in glaucomatous eyes. However, it should be noted that the majority of glaucomatous eyes in this study were at an early stage of neuropathy.
It is possible that the lack of improvement in ALCS visualization in the glaucomatous eyes may be due to the relatively early stage of glaucomatous damage at the time of imaging in most eyes. On the day of EDI imaging, the peripapillary SD-OCT circle scan measurements of RNFLT were actually greater in the EG eyes of 7 of the 14 animals (NHPs 1-4, 6, 8, and 10), minimally decreased in 3 animals (NHPs 5, 7, and 11), and mildly decreased in 4 animals (NHPs 9, 12, 13, and 14) . However, the difference in ALCS and PLCS visualization between the normal and EG eyes of our more damaged animals (NHPs 12, 13, and 14; Figs. 6, 7) are also not profound.
Taken together, our data suggest that laminar visualization is compromised rather than enhanced in glaucomatous NHP eyes at all stages of damage, although this observation must be confirmed in a larger number of eyes, over more advanced stages of damage and may not apply to human glaucoma. In work by Strouthidis et al., 20 no significant difference in the number of the marked lamina cribrosa sectors was found between two baseline time points and two glaucoma time points in nine glaucomatous monkeys. It is possible that, even in the face of eventual prelaminar tissue thinning, which should improve laminar visualization, the profound outward remodeling of the laminar cribrosa insertions 15 and the laminar transition zone region that our collaborators 40 and others 41 have reported lead to reflectivity changes within the tissues of the anterior and posterior laminar borders, making them more difficult to discern. This hypothesis warrants further study. We also assessed the potential differences between conventional and EDI scanning modes for a wide array of previously described 20 ONH and RNFL parameters. We found significant differences between EDI and conventional values for only ALCS and PLCS depths (measured relative to the NCO reference plane). After additional analysis in which only the laminar subregions that were present in both the conventional and EDI data sets of each eye were included, only PLCS depth was found to be different (more posterior) by EDI. The lack of change in all the other parameters is important because it suggests that any compromise of inner retinal and prelaminar ONH imaging that may be present in EDI data sets (see the introduction) does not significantly affect their quantification.
The fact that shared PLCS depth was significantly deeper in 14 of the 15 eyes in which it could be assessed suggests that the enhanced visualization depth in EDI versus conventional datasets may not only provide regional expansion of PLCS delineation capability, but a more accurate determination of the axial position of the PLCS. We believe that EDI PLCS visualization represents a more accurate visualization than does the conventional SD-OCT mode, as would be predicted on the basis of the physics underlying the EDI method. That is, in SD-OCT signal strength declines with distance from the 0 delay point (relative to the time of flight of the reference beam)-a concept known as depth degeneracy. Signal strength also declines due to scatter and absorption of the source through the tissue sample. This latter limitation is operative for both conventional and EDI modes but in the EDI mode, the direction of depth degeneracy is inversely related to the conventional mode, thus predicting improvement in signal strength (and possibly discrimination) of the deeper structures. That our Bold: significant difference between conventional and EDI imaging modes. * For both image types, the number of delineated subregions with at least two points was reported. † For the PLCS, the interaction between treatment and image type is significant (P Ͻ 0.005, ANOVA).
results find some degree of enhancement by EDI for lamina cribrosa delineation suggests that depth degeneracy does have some impact, although signal loss by other factors still poses limitations. It is hoped that longer wavelength sources (e.g., 1050 nm) may help in this regard. [42] [43] [44] [45] Our study is limited for the following reasons. First, as noted above, the PLCS delineations we report are not supported by histologic verification and should therefore be considered preliminary. Our previous study 29 provides histologic verification of conventional SD-OCT ALCS delineation. Within the single normal NHP ONH of that report, the PLCS was not felt to be visible in conventional SD-OCT B-scans. There has been no histologic confirmation that what has been delineated as the PLCS in this and previous reports 29 is accurate. Second, our study would have more strongly tested hypotheses regarding regional differences in laminar visibility had we delineated the complete subset of 40 radial B-scans that we usually delineate. We chose to limit this study to 7 vertical and 13 horizontal radial B-scans for the following reasons: First, it is commonly acknowledged that SD-OCT visualization of deep ONH anatomy is markedly diminished within the superior and inferior ONH quadrants by the overlying central retinal artery and its principle branches. 20 Our initial evaluation suggested that visualization within the superior and inferior quadrants would be only marginally improved by EDI imaging and, if present, such an improvement would probably be detectable within the central seven vertical B-scans where laminar delineation is least common. It is therefore interesting to note that the increase in delineated ALCS subregions by EDI was significantly greater in the superior-inferior than in the nasal-temporal quadrants. We also felt that because delineation of the lamina was more common within the nasal-temporal quadrants in conventional SD-OCT imaging, a larger delineated region might be necessary to detect smaller improvements in visualization in these quadrants. In this regard it is interesting to note that although there were small improvements in EDI visualization of the ALCS in the nasal temporal regions, these did not achieve significance, whereas for the PLCS the increase in delineated PLCS subregions was statistically significant in all four quadrants.
Our assessment of the larger group of ONH parameters (beyond the ALCS and PLCS) is limited to the overall data only and may thus have missed important regional differences in EDI versus conventional SD-OCT visualization. However, any systematic bias should have manifested in the overall measures. We also did not formally assess anterior versus posterior delineation differences in severely damage eyes in which profound posterior laminar deformation (very deep cupping) may re- See the Methods section and Figure 6 for a definition of these parameters. 20 Data are expressed as the mean (range). Bold: significant difference between the mean values in the conventional and EDI data sets (P Ͻ 0.005, paired t-test corrected for multiple comparisons).
* Mean and range for pooled data for each parameter in the n ϭ 28 conventional and n ϭ 28 EDI data sets. † The difference for each parameter for each data set (data not shown) was defined as the absolute difference between the conventional and EDI values divided by the mean of the two values. The mean and range of the difference for the 28 individual conventional and EDI data sets are shown.
‡ Data for the 18 of 28 data sets that contained PLCS delineations within both image types are reported. § Data for 15 data sets that contained the shared PLCS subregions within both image types are reported.
quire even deeper positioning of the tissue sample. In such circumstances, prelaminar ONH and retinal imaging can be compromised by the limitations of the total scan depth, but may be especially problematic in the EDI mode with potential loss of sensitivity toward the more anterior tissue sample layers. Evaluation of regional and anterior to posterior differences in conventional and EDI SD-OCT ONH data sets in humans with glaucoma is therefore necessary. Our assessment of effects on reproducibility of switching to EDI SD-OCT mode is limited to intradelineator reproducibility and does not include intersession acquisition variability. To have studied interimage session variability would have required delineation of EDI and conventional SD-OCT data sets acquired on two or three different imaging days and was beyond the scope of this study. Interimage session variability may be the most important determinant of the sensitivity and specificity of longitudinal change detection and will be the subject of a future report.
Finally, our study may have underestimated EDI visualization enhancement because EDI imaging has had the uncontrolled effect of enhancing conventional SD-OCT delineation by our delineator. It is our experience that the subtle EDI enhancements of ALCS and PLCS visualization serve to inform even masked delineators such that they begin to recognize anatomy in conventional SD-OCT data sets that they would not previously delineate. We expect that this effect may be operative in other studies based on manual delineation and that additional advances such as 1050 nm SD-OCT [42] [43] [44] [45] and OCT signal compensation 24 may have similar unintended effects. 
